Although this led to a paradigm shift for mechanical ventilation in the ICU, the practice of intraoperative lung protective ventilation (IOLPV) has not yet gained wholesale acceptance in the anesthesia community. Recent observational studies have shown that higher tidal volumes and little or no PEEP are still widely prescribed. [14] [15] [16] At the heart of the debate about the utility of IOLPV are questions about whether it is necessary for patients without pre-existing lung disease who will be exposed to only a brief period of mechanical ventilation. Furthermore, the use of PEEP and tolerance of hypercarbia are at times antithetical to the anesthesiologist's goals of avoiding hemodynamic compromise and achieving a successful, timely postoperative extubation. Thus, legitimate concerns exist about whether a strategy used to reduce the impact of a rare condition is best suited for the perioperative population on the whole. More recently, higher quality research has helped to clarify this debate. This review will briefly describe the forms of perioperative lung injury and summarize the best available evidence on strategies to prevent it.
Introduction
Roughly 230 million major surgical operations are conducted annually throughout the world.
1 For many patients, postoperative recovery will unfortunately be complicated by perioperative lung injury. Between 11% and 59% of patients have a postoperative pulmonary complication (PPC), leading to a significantly higher likelihood of serious morbidity, mortality, and increased use of hospital resources. [2] [3] [4] [5] [6] The most severe form of perioperative lung injury, acute respiratory distress syndrome (ARDS), has been historically reported in 0.4-3% of surgical patients at high risk, leading to a significantly greater risk of postoperative mortality.
7 8 Consequently, decades of research have assessed strategies to minimize the impact of perioperative lung injury.
In the 1960s, investigators found that hyperinflation with supraphysiologic tidal volumes could reverse hypoxemia and restore pulmonary compliance during mechanical ventilation under general anesthesia. 9 Partly as a result of this observation, the standard of care for intraoperative mechanical ventilation over the next 40 years largely consisted of ventilation with 10-15 mL/kg of predicted body weight (PBW). 10 Later, data from landmark trials in the intensive care unit (ICU) showed that ventilation with lower tidal volumes and moderate levels of positive end expiratory pressure (PEEP) reduced mortality from ARDS.
efforts have been made recently to consolidate the most clinically relevant sequelae into a composite outcome of postoperative pulmonary complications (box).
2 5 17 18 Epidemiology The many forms of perioperative lung injury vary widely in incidence. For example, pulmonary inflammation has been shown to occur in nearly all mechanically ventilated patients, although the degree of inflammation can be influenced by ventilator settings and anesthetic type. [19] [20] [21] Atelectasis is also common, occurring in up to 90% of patients. 22 The incidence of PPCs has been described as anywhere between 2% and 39% for major non-cardiothoracic surgery and 14-59% for thoracic surgery. Postoperative ARDS is rare, but it carries a nearly 50-fold increase in perioperative mortality.
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Pathophysiology Atelectasis Atelectasis develops through the compression of lung parenchyma, resorption of alveolar gas, and impaired surfactant function. 24 Induction of general anesthesia and chemical paralysis alters the geometry and function of the diaphragm and chest wall, leading to increased pleural pressure and collapse of dependent lung regions. 25 26 Resorption atelectasis occurs via the continued uptake of oxygen into pulmonary capillaries distal to closed airways and can be exacerbated by the administration of high concentrations of oxygen. 27 Injurious mechanical ventilation practices as well as certain anesthetics can cause surfactant impairment. 28 29 In addition, the sigh reflex used to mitigate atelectasis in the awake state is abolished under anesthesia. 30 Atelectasis has many adverse physiologic consequences including intrapulmonary shunting, decreased compliance, increased pulmonary vascular resistance, and susceptibility to inflammatory lung injury. 9 24 31 32 This susceptibility is potentially not limited solely to atelectatic lung segments, as preclinical data have shown that concurrent inflammation can occur remotely in regions with intact ventilation. 33 Atelectasis can persist for as long as two days, and therefore likely contributes to development of PPCs. 34 
Ventilator induced lung injury
Ventilator induced lung injury occurs via volutrauma, barotrauma, atelectrauma, and biotrauma (fig 1) . 35 Both high tidal volumes (volutrauma) and high inspiratory pressures (barotrauma) can cause regional alveolar overdistention. Once this mechanical stress exceeds the alveolar unit's elastic capacity, or strain, injury can occur. Subsequent fracture of the alveolar-capillary interface promotes a local inflammatory response that ultimately leads to the translocation of protein and edema into the airspace. 36 During atelectrauma, repetitive and rapid alveolar opening and closure in lungs with heterogeneous regions of ventilation can damage the alveolar-capillary barrier and fragment the surrounding extracellular matrix. 37 38 Biotrauma refers to inflammatory alveolar damage and the subsequent apoptotic and fibroproliferative processes that occur in response to injury, culminating in decreased pulmonary compliance, increased dead space, hypoxia, and 2018. The search included terms and synonyms for lung protective ventilation, positive end expiratory pressure, low tidal volumes, recruitment maneuvers, and modes of ventilation. We limited the search to studies in a surgical setting, or using general anesthesia, with specific lung injury outcomes. We included Medical Subject Headings (MeSH) when available. The full strategy is available on request. The original search returned 1446 records. We added additional references from the bibliography of select studies on the basis of relevance to the topic. We considered only articles published in English. For inclusion in this review, we prioritized prospective, randomized controlled trials (RCTs), meta-analyses of RCTs, and database studies with matching or confounder control. We excluded articles published in non-peer reviewed journals, case reports, and smaller uncontrolled studies.
Perioperative lung injury Definitions
Perioperative lung injury can be thought of as a spectrum of disease encompassing pulmonary inflammation, impaired gas exchange, radiographic abnormalities, and respiratory failure. All have been used as surrogate endpoints to describe lung injury; however, consensus 
Tidal volume
Use of low tidal volumes is most likely the best known component of a lung protective strategy. Since the seminal work by the ARDSnet group, observational studies have shown that the median intraoperative tidal volume has decreased over time. 13 43 However, anesthesiologists typically use tidal volumes greater than 6 mL/kg even when caring for hypoxic patients. 16 Although use of higher tidal volumes may be influenced by inaccuracies in calculating PBW, it is also likely that a belief may continue among anesthesiologists that lower tidal volumes are harmful. 14 16 However, high quality data exist to suggest the opposite.
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Although the results presented above describe the evaluation of lower tidal volumes in the context of a shared PEEP strategy between groups, most investigations have included a prescription of at least 5 cm H 2 O PEEP. Without this level of PEEP, the protective benefit of low tidal volume ventilation is likely lost, as investigations have shown that the use of low tidal volume and zero or low PEEP leads to increased lung inflammation and 30 day mortality. 50 51 Therefore, tidal volume is probably only one necessary component of IOLPV, as regimens that also incorporate moderate PEEP and recruitment maneuvers have been shown to have incremental benefits in reducing PPCs. 52 Positive end expiratory pressure PEEP has been known to be effective in preventing intraoperative atelectasis since the mid-1980s. [53] [54] [55] Despite this, observational studies note that 80% of today's patients are still ventilated without PEEP.
14 Potential reasons for a lack of use of PEEP by contemporary anesthesiologists may include concerns about negative hemodynamic effects and barotrauma or perhaps simply that 0 cm H 2 O PEEP is the default setting on many mechanical ventilators. 56 However, evidence suggests a benefit for PEEP in certain patient groups.
Multiple small RCTs have found that patients having laparoscopic surgery who receive 5 cm H 2 O PEEP experience significantly better oxygenation, less postoperative atelectasis, and better pulmonary compliance than those receiving zero PEEP. [57] [58] [59] Two small RCTs have found that 10 cm H 2 O PEEP may confer additional physiologic benefit. 60 61 With regard to PPCs, a large retrospective study of more than 11 000 abdominal and intracranial operations showed an association between the use of at least 5 cm H 2 O PEEP and a significantly decreased odds of PPCs compared with less than 5 cm H 2 O PEEP (odds ratio 0.72, 0.61 to 0.85). 62 Of note, secondary analysis did not show a benefit for craniotomy patients, suggesting that PEEP's protective effect may not extend to patients at lower risk for atelectasis. In 2013 a meta-analysis of eight RCTs comparing intraoperative PEEP levels found that the use hypercarbia. 35 39 Critically, biotrauma may not be limited to the respiratory system, as the translocation of bacteria, lipopolysaccharide, and proinflammatory mediators into the systemic circulation have been postulated to contribute to multiorgan dysfunction and death. 40 41 Acute respiratory distress syndrome Although ARDS shares common histopathologic features with ventilator induced lung injury, it differs in that the inciting pulmonary injury is often not from mechanical ventilation itself. The salient features of ARDS are the onset of hypoxic respiratory failure within seven days of a suspected pulmonary injury and concomitant radiographic evidence of pulmonary edema. 17 The Berlin definition further stratifies patients into mild, moderate, and severe categories based on the degree of hypoxemia. The pathophysiologic features of ARDS are characterized by an initial exudative phase consisting of inflammatory damage to the alveolar capillary barrier and translocation of protein rich fluid into the airspace, followed by a proliferative phase in which alveolar integrity is restored and, finally, a fibrotic phase in which the basement membrane is remodeled with fibrous protein. 42 This cascade of events is incited by either direct or indirect alveolar injury, with many causes potentially occurring in the perioperative period (fig 2) . Pneumonia, sepsis, and aspiration pneumonitis account for nearly 85% of cases; however, other risk factors include trauma, blood transfusion, hemorrhagic shock, burns, and inhalation injury, as well as surgical factors such as surgical trauma, retraction injury, cardiopulmonary bypass, and ischemiareperfusion injury.
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Evidence based strategies for perioperative lung protective ventilation As illustrated above, the development of perioperative lung injury depends on many patient related, surgical, and anesthetic factors. Furthermore, the definition of "protective" varies considerably among studies. Accordingly, the body of literature in the field is fraught with PROVHILO's authors suggested that their results should prompt the adoption of a low tidal volume, low PEEP strategy for lung protection. Alternatively, one could argue that these findings suggest that an empiric high PEEP strategy is equally as ineffective as low PEEP in preventing PPCs. It is possible that the optimal PEEP level lies between these two extremes, and additional work is needed to better answer this important clinical question. Regardless, the results contribute to a body of evidence that is still inconclusive regarding the benefit of higher PEEP in the intraoperative population. For example, an updated patient level meta-analysis after PROVHILO showed no difference in incidence of PPC between patients ventilated with less than 5 cm H 2 O and those with 5 cm H 2 O or higher PEEP. 49 Drawing from this conclusion and incorporating the knowledge from the ARDS literature that high PEEP may benefit only patients with more severe disease, it may be reasonable to infer that higher PEEP is not necessary for most of the intraoperative population but can be considered for patients at very of PEEP between 3 and 12 cm H 2 O was associated with a significantly decreased risk of developing a PPC (relative risk 0.29, 0.14 to 0.60). 63 These results would set the stage for a trial investigating the use of higher PEEP in patients at high risk for atelectasis.
The PROVHILO trial was a multicenter RCT investigating whether 12 cm H 2 O PEEP was superior to 2 cm H 2 O or lower PEEP for 900 patients considered to be at intermediate or greater risk for developing PPCs after open abdominal surgery. 64 Of note, the incidence of PPCs in this study was higher than would be expected on the basis of the ARISCAT score. The primary outcome was incidence of PPCs developing by postoperative day 5. Median tidal volumes were 7.2 and 7.1 mL/kg PBW in each group. Notably, patients in the higher PEEP group received recruitment maneuvers after intubation and before extubation, whereas patients in the lower PEEP group did not. The incidence of the primary outcome was almost identical between groups (39% v 40%; relative risk 1.01, 0.86 to 1.20; P=0.86). In secondary analysis, a higher proportion of patients in the PEEP group experienced intraoperative hypotension (46% v 36%; P=0.0016) and needed vasopressors (62% v 51%; PPCs and intraoperative oxygen desaturation compared with low tidal volume, moderate PEEP ventilation during laparoscopic surgery. 84 As previously noted for other techniques, the benefit of recruitment maneuvers may be most pronounced when incorporated into a package of intraoperative lung protective ventilation.
Intraoperative lung protective ventilation Although many descriptions have been used, some consensus has recently been reached as to how IOLPV should be defined. 49 For the purposes of this review, we will accordingly define IOLPV as the combination of tidal volume 8 mL/kg PBW or lower and PEEP 5 cm H 2 O or higher, with or without a recruitment maneuver. Conventional ventilation is then defined as tidal volume greater than 8 mL/kg PBW and less than 5 cm H 2 O PEEP without a recruitment maneuver. Despite the following data supporting the benefit of IOLPV, as many as 50% of patients in contemporary anesthesia practice do not receive a lung protective regimen according to this definition. 85 Small RCTs have shown that IOLPV causes an attenuated release of local and systemic inflammatory mediators after cardiopulmonary bypass, major abdominal surgery, and esophagectomy. 19 86 87 In open abdominal surgery, investigators have shown improvements in both intraoperative and postoperative pulmonary mechanics. An RCT in 40 patients having open abdominal surgery showed that compliance increased by 32% and airway resistance decreased by 21% for older patients undergoing open abdominal surgery with IOLPV compared with patients receiving conventional ventilation (P<0.001 and P=0.029, respectively). 88 A separate RCT found that patients receiving IOLPV performed better on spirometry high risk for atelectasis or with concomitant lung injury. 65 Lastly, the risk of hemodynamic compromise needs to be taken into account when deciding the appropriate regimen for complex patients with competing physiologic objectives.
Recruitment maneuvers
Temporary hyperinflation of the lung with a recruitment maneuver, commonly defined as an inspiratory hold with 40 cm H 2 0 of inspiratory pressure for 20-30 seconds, has been used since the 1960s to reverse atelectasis after anesthetic induction. 66 Compared with the use of zero PEEP or PEEP alone, recruitment maneuvers have been shown to increase end expiratory lung volume, improve compliance, and reduce chest wall elastance during laparoscopic surgery. [67] [68] [69] [70] Investigators have shown that recruitment maneuvers lead to improved intraoperative oxygenation in abdominal surgery, thoracic surgery with OLV, post-cardiopulmonary bypass, and procedures requiring Trendelenberg positioning. [71] [72] [73] [74] [75] [76] [77] These benefits are unfortunately short lived, as atelectasis is thought to recur within 40 minutes. 78 For example, studies in multiple settings have been unable to show that temporary gains in either lung mechanics or oxygenation extend to the postoperative environment, even when the recruitment maneuver is performed shortly before extubation. 70 79-82 However, the benefits of recruitment maneuvers may be enhanced or prolonged by the performance of repeated maneuvers. 83 Additionally, recent data suggest that recruitment maneuvers may not confer a benefit when used solely as an adjunct to conventional ventilation, as this strategy has been shown to lead to an increased incidence of ing OLV. Although the study was stopped early because of slow enrollment, analysis showed that patients in the IOLPV group had an almost 50% reduced odds of developing a major postoperative complication (odds ratio 0.54, 0.31 to 0.95; P=0.03). Significant reductions were also found in the odds of PPCs (odds ratio 0.59, 0.38 to 0.92; P=0.02) and length of stay in hospital (median 11 (interquartile range 9-15) v 12 (9-16) days; P=0.048).
Although the authors recognized that a major limitation in their study was the use of a 10 mL/kg tidal volume during OLV, the results from the PPV trial still suggest at least significant harm from hyperinflation. Finally, a discussion of the potential benefits of lung protective ventilation would be incomplete without a consideration of driving pressure. Driving pressure is defined as the difference between plateau pressure and PEEP (plateau pressure minus PEEP) and has been described as a means of normalizing tidal volume to functional lung size, as it accounts for static compliance. 92 Increasing driving pressure has been identified as a significant predictor of mortality in a secondary analysis of the ARDSnet trial. 93 In 2016 a patient level meta-analysis of RCTs involving IOLPV found that increasing driving pressure was also a significant predictor of PPCs (odds ratio 1.16, 1.13 to 1.19; P<0.0001). 94 A mediation analysis showed that reduction in driving pressure resulting from being randomized to a lung protective strategy was responsible for a significantly reduced odds of developing PPCs, whereas lowering tidal volume and increasing PEEP were not. Furthermore, increases in PEEP that resulted in an increase in driving pressure were associated with a substantially increased odds of PPCs (odds ratio 3.11, 1.39 to 6.96; P=0.006). These interesting findings suggest that, even in patients with healthy lungs, changes in driving pressure may place patients at risk for ventilator induced lung injury and PPCs even within the confines of a lung protective strategy. Clearly, further work is needed to confirm these findings in a prospective study to add to our understanding of practices that truly provide lung protection.
Additional considerations Inspired oxygen concentration
Administration of a high fraction of inspired oxygen (FiO 2 ) is common practice in anesthesia, especially before airway instrumentation and extubation. 95 In addition, the World Health Organization has recommended an FiO 2 of 80% or above to reduce surgical site infections, on the basis of mixed results from moderate quality trials. [96] [97] [98] [99] However, the use of a higher FiO 2 (>80%) can also cause resorption atelectasis and worsen inflammatory lung injury. 27 100 Anesthesiologists looking to balance the benefits and risks of a high FiO 2 are therefore faced with a clinical dilemma, although a few studies have been able to provide meaningful guidance.
For anesthetic induction, multiple small RCTs have shown a reduction in atelectasis when preoxygenation was performed with 30% oxygen as opposed to 100%. 78 101 An RCT in 36 patients found that post-induction atelectasis showed a dose dependent increase with higher FiO 2 . 102 However, the use of moderate PEEP may 89 More recently, several RCTs from the same group have found that IOLPV can decrease driving pressures for patients having abdominal surgery. 76 90 One of the largest RCTs investigating the effect of IOLPV on clinical outcomes is the IMPROVE study, in which 400 patients undergoing abdominal surgery who were at moderate or greater risk for developing PPCs were randomized to receive either protective or conventional ventilation. 91 The protective regimen consisted of a tidal volume of 6-8 mL/kg PBW, 6-8 cm H 2 O PEEP, and recruitment maneuvers repeated every 30 minutes for the duration of the operation. Patients in the conventional group received tidal volumes of 10-12 mL/kg PBW, zero PEEP, and no recruitment maneuvers. Protective ventilation significantly reduced the incidence of the primary outcome, a composite of major pulmonary and non-pulmonary complications (10.5% v 27.5%; relative risk 0.40, 0.24 to 0.68; P=0.001). Secondary analysis showed that this difference was largely driven by reductions in the incidence of pneumonia (1.5% v 8.0%; relative risk 0.19, 0.05 to 0.66; P=0.009), need for postoperative non-invasive positive pressure ventilation (NIPPV) (4.5% v 14.5%; 0.29, 0.13 to 0.65; P=0.002), and sepsis (6.5% v 14.5%; 0.48, 0.35 to 0.93; P=0.03). The protective benefit of avoiding postoperative mechanical ventilation extended to 13 days (relative risk 0.36, 0.19 to 0.70; P=0.003), and the cumulative probability of needing postoperative mechanical ventilation throughout the 30 day follow-up period was significantly lower for the protective group (log rank test, P<0.01). Lastly, patients in the protective ventilation group spent nearly 2.5 days less in the hospital (mean difference −2.34, 95% confidence interval −4.75 to −0.72; P=0.006).
Criticism of IMPROVE includes the use of large tidal volumes for the conventional group and the incorporation of sepsis in the primary outcome. Response to these critiques takes into account that, although it is uncommon, as many as 18% of patients are still ventilated with greater than 10 mL/kg.
14 Secondly, sepsis can plausibly occur as a result of biotrauma, and it is unlikely that excluding sepsis from the primary outcome would have changed the results as contributions from pneumonia and postoperative NIPPV were also substantial. Furthermore, when the data from IMPROVE were incorporated into an updated meta-analysis of IOLPV, a significant reduction in the incidence and risk of PPCs, exclusive of sepsis, was found (8.7% v 14.7%; relative risk 0.64, 0.46 to 0.88; P<0.01). 49 Recently, another multicenter RCT has added to the body of evidence supporting the use of IOLPV. The Pulmonary Surgery with Protective Ventilation (PPV) trial randomized 346 patients undergoing lung cancer surgery to either IOLPV with tidal volumes of 5 mL/kg PBW and 5-8 cm H 2 O PEEP or conventional ventilation with 10 mL/kg and zero PEEP. The primary outcome was the incidence of major postoperative complications within 30 days. Of note, tidal volumes were not adjusted dur-non-invasive positive pressure ventilation. NIPPV has been shown in various populations to both prevent and treat respiratory failure effectively. 112 113 In the perioperative arena, the use of NIPPV is an accepted preventive measure in patients with known or suspected obstructive sleep apnea. 114 In addition, NIPPV may be able to prevent or treat postoperative respiratory failure by reducing atelectasis. 115 This mechanism was reported as the likely contributing factor behind the results of two large RCTs evaluating the use of NIPPV in postoperative hypoxic respiratory failure following major abdominal surgery. 116 117 The first RCT in 2005 was stopped early owing to efficacy, as the intervention group had a 10-fold reduction in the incidence of reintubation compared with those receiving standard oxygen therapy (relative risk 0.10, 0.01 to 0.76; P=0.005), as well as a significant reduction in the risk of pneumonia (0.91, 0.04 to 0.88; P=0.02). The second RCT reproduced these findings in 2016, as patients receiving NIPPV for postoperative hypoxic respiratory failure had a significantly lower incidence of reintubation within seven days (45.5% v 33.1%; absolute difference −12.4%, −23.5% to −1.3%; P=0.03), and pneumonia (22.1% v 10.1%; absolute difference −11.9%, −20.9 to −2.9; P=0.005) compared with those receiving standard oxygen therapy.
The results from these two studies are encouraging, but they differ substantially from a large RCT evaluating NIPPV for post-extubation respiratory failure in the ICU, which suggested no difference in reintubation rates and an increase in mortality likely from a delay in eventual reintubation. 118 In this study, only roughly 20% of patients had postoperative respiratory failure, but it was the second leading cause of acute respiratory failure within the cohort. The divergent findings from these three trials suggest that the use of postoperative NIPPV should take into account the cause of the patient's respiratory failure, as patients with atelectasis may benefit more than those with pneumonia, trauma, or ARDS.
High flow nasal cannula
Finally, although not technically considered a form of PPV, high flow nasal cannula (HFNC) therapy has been increasingly used for hypoxic respiratory failure and warrants inclusion in the discussion of postoperative respiratory care. HFNC consists of humidified, high flow (up to 60 L/min) oxygen with a maximum FiO 2 of 100%. At high flow rates, HFNC is generally considered to provide 4-6 cm H 2 O of added inspiratory pressure. 119 Prospective RCTs in both the ICU and the postoperative period have found that HFNC is non-inferior to NIPPV in terms of preventing respiratory failure but is better tolerated in terms of patients' comfort. 120 121 One of the largest trials to examine the potential role for HFNC in preventing postoperative respiratory failure is OPERA, in which 220 postabdominal surgery patients were randomized to receive either HFNC or standard oxygen therapy. 122 No significant differences were found between groups in the absolute reduction in risk of hypoxemia or in the incidence of PPCs. Although OPERA may have been underpowered to detect a significant difference in these outcomes, its findings may suggest that HFNC might not be an adequate be sufficient to prevent atelectasis that may occur after induction with a high FiO 2 . 103 Before extubation, the use of higher FiO 2 may similarly predispose to atelectasis, as an RCT investigating the use of 100% FiO 2 alone compared with a recruitment maneuver with either 100% or 40% FiO 2 10 minutes before extubation found a significantly larger percentage of atelectatic lung for both groups receiving 100% FiO 2 (mean 8.3% (SD 6.2%), 6.8% (3.4%), and 2.6% (1.1%) respectively; P<0.05 across comparisons). 104 As for the optimal intraoperative oxygen concentration administered between induction and emergence, the only data on the effect on PPCs comes from secondary analysis of RCTs investigating FiO 2 and postoperative wound infection. The largest such trial, PROXI in 2009, compared the incidence of surgical site infection for 1400 patients undergoing laparotomy who were randomized to an intraoperative FiO 2 of either 80% or 30%. 105 Secondary analysis did not show any significant differences between groups in the odds of atelectasis (odds ratio 1.11, 0.75 to 1.66; P=0.60), pneumonia (0.95, 0.61 to 1.48; P=0.82), or respiratory failure (1.27, 0.78 to 2.07; P=0.34). Additional prospective trials are needed to determine the proper risk/benefit ratio of a higher FiO 2 , as a recent large database study of 74 000 surgical patients associated an intraoperative FiO 2 of 80% with a doubling of the odds of major pulmonary complications (odds ratio 1.99, 1.72 to 2.31; P=0.05). 106 Given these results, use of a high FiO 2 only as necessary to correct hypoxia may be prudent, as lower concentrations may help to prevent atelectasis.
Pressure controlled versus volume controlled ventilation
The proposed advantages of pressure controlled ventilation (PCV) over volume controlled ventilation are a rapid delivery of tidal volume while avoiding barotrauma through a set maximum inflation pressure. 107 Investigations into the superiority of PCV over volume controlled ventilation in the intraoperative setting to date have had marginal or conflicting results. For example, a recent meta-analysis of six RCTs of thoracic surgery patients reported that the use of PCV during OLV led to lower peak inspiratory pressures (weighted mean difference −4.91 cm H 2 O; P<0.0001) and a higher ratio of partial pressure of oxygen to fractional inspired oxygen concentration (weighted mean difference 11.04; P=0.04), although these differences are unlikely to be clinically significant. 108 Small RCTs in laparoscopic bariatric surgery have yielded similar results. 109 110 No data from prospective trials are available to evaluate whether these benefits translate to improved clinical outcomes; however, a large database study involving more than 100 000 patients having elective surgery reported that use of PCV was associated with increased odds of developing a PPC (odds ratio 1.29, 1.21 to 1.37; P<0.001). 111 In this study, use of PCV predisposed to higher tidal volumes and driving pressures, a possible mechanism for the findings. 
Guidelines
Reflecting the lack of consensus about the benefit of the aforementioned techniques in the general intraoperative population, to date neither the European Society of Anaesthesiology nor the American Society of Anesthesiologists has published formal guidelines for intraoperative mechanical ventilation. On the basis of the available evidence, the current joint European Respiratory Society/American Thoracic Society clinical practice guidelines recommend NIPPV for postoperative respiratory fa ilure.
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Conclusion
Perioperative lung injury is an uncommon but potentially deadly condition that can be initiated or exacerbated by injurious mechanical ventilation practices. Although groundbreaking studies from the literature on ARDS have led to incremental changes in modern anesthesia practice regarding the use of smaller tidal volumes, a significant faction remains hesitant to adopt the principles of intraoperative lung protective ventilation. The reasons for this lack of wholesale adoption are multifactorial and include concerns about negative hemodynamic consequences and hypercapnia and about whether patients with healthy lungs can benefit from lung protection to a similar degree to those with ARDS. To overcome the latter concern, we can again look to the current ICU literature, which suggests a benefit for low tidal volume ventilation even for patients without ARDS. However, application of these findings to the intraoperative population still suffers from poor comparison in terms of duration of mechanical ventilation, risk of lung injury, and severity of illness. 127 At this time, the evidence supporting the use of lung protective ventilation in the general perioperative population is not definitive. To illustrate the burden of proof for this question, however, consider the following: owing to the rare occurrence of PPCs in patients at low risk (2%), the potential for a given ventilator strategy to reduce this incidence by 50% would require a sample size of more than 4000 patients.
2 More conservative estimates of effect size would dictate an even larger sample that would not be feasible without a very large multicenter trial. Given the very low incidence of perioperative mortality, a trial proving that IOLPV can lead to a survival benefit is even less likely to be feasible. 128 However, the findings from the major studies presented in this review have contributed to a working body of evidence that supports the use of low tidal volumes, moderate PEEP, and recruitment maneuvers to prevent significant postoperative morbidity for many at risk patient groups. Additional important work on the contributions of intraoperative oxygen preventive measure to combat atelectasis, as the amount of inspiratory pressure needed to re-inflate collapsed lung segments may be greater than HFNC can provide. Additional research is needed to clarify the potential role for HFNC in either the treatment or prevention of postoperative respiratory failure.
Emerging treatments
As is the trend for many aspects of medicine, the future of perioperative mechanical ventilation will likely involve personalization. Personalization of tidal volumes on the basis of PBW has already been adopted to some degree, but much of the emerging work in the field centers around determining the "best PEEP" to balance the maintenance of end expiratory lung volume while avoiding hyperinflation. Classically, this involves selecting the PEEP level that maximizes static pulmonary compliance or that places the patient on the lower inflection point of the pressure-volume curve. 123 A recent physiologic study found that the best PEEP approach as described above can lead to improvements in oxygenation and lung mechanics with little hemodynamic effects during laparoscopy. 124 Two ongoing t rials are evaluating the effect of best PEEP on outcomes during laparoscopy and thoracic surgery with OLV (NCT01532245, NCT02931409). Additionally, estimation of pleural pressure via esophageal manometry can facilitate titration of PEEP to optimize transpulmonary pressure. 125 Two other ongoing trials are evaluating whether PEEP titration using this technique can improve oxygenation and reduce complications in laparoscopic surgery (NCT03153592, NCT03256396). As the use of ultrasonography of the lung has expanded in recent years, investigators have begun to investigate whether this technique can also be used as an effective means of optimizing intraoperative PEEP (NCT03211936).
A large multicenter prospective RCT published in 2018 evaluated the potential benefits of personalized perioperative mechanical ventilation. 90 The iPROVE trial randomized 967 adults undergoing abdominal surgery estimated to be at moderate or greater risk for PPCs to one of four groups. The first group received an open lung, individualized CPAP protocol, including a stepwise recruitment maneuver with a best PEEP titration for intraoperative ventilation, followed by postoperative CPAP if needed for oxygen desaturation (OLA-iCPAP group). A second group had the same intraoperative OLA protocol but received mandatory postoperative CPAP for three hours (OLA-CPAP group). The third and fourth groups had standard intraoperative ventilation with 5 cm H 2 O PEEP and then received either mandatory postoperative CPAP or standard oxygen therapy (STD-CPAP group and STD-O 2 group). Patients in all groups were ventilated with 8 mL/kg PBW tidal volume. Notably, iPROVE is the first trial to use an IOLPV strategy as the control group. The study found no difference between groups in the primary outcome, a composite of respiratory and systemic complications by hospital day 7. However, secondary and exploratory analyses showed a benefit for the OLA-iCPAP regimen in terms of respiratory complications (relative ventilation should not have to overcome such a stringent burden of proof to replace a potentially harmful strategy that has gained its status as a historical standard with far less scrutiny.
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We have read and understood the BMJ policy on declaration of interests and declare the following interests: none Provenance and peer review: Commissioned; externally peer reviewed. su pplementation, mode of ventilation, postoperative NIPPV or HFNC, and personalized mechanical ventilation is necessary and ongoing. We can look forward to the results of the PROBESE trial, which will provide additional insight into the potential benefit of higher PEEP and recruitment maneuvers in obese patients at moderate risk for development of PPCs (NCT02148692). Lastly, as the mechanical ventilators used intraoperatively become more nuanced and access to NIPPV increases, integrated strategies involving perioperative lung protective ventilation such as those used in the iPROVE trial may expand our capabilities to prevent postoperative atelectasis and the risk of PPCs that comes with it. 90 129 Established and emerging data from the intraoperative arena have the potential to create a fundamental shift in the way anesthesiologists approach the proper oxygenation and ventilation of their patients. Given the track record of safety and efficacy of protective techniques in multiple settings, we will probably no longer need to consider hyperinflation as the standard of care. Despite this, many contemporary anesthesiologists are hesitant to adopt these principles into their daily practice. However, given the broader body of evidence on the potential harm that can occur through hyperinflation for any patient, one can argue that the use of protective
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PATIENT INVOLVEMENT
The father of a 45 year old man who underwent a craniectomy for a traumatic brain injury after major polytrauma, with a postoperative course complicated by perioperative lung injury, was given an opportunity to review this manuscript. We incorporated his suggestions to limit the use of unnecessary technical jargon and abbreviations as much as possible so as to enhance the readability of the manuscript in general and make the content easier to follow.
RESEARCH QUESTIONS
• Are the benefits of intraoperative lung protective ventilation (IOLPV) seen in patients at moderate and high risk applicable to patients at low risk of postoperative pulmonary complications? 
